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Hydrodynamic Flow
Characteristics in an Internally
Circulating Fluidized Bed
Gasifier
In this paper, the hydrodynamic flow inside an internally circulating fluidized bed
(ICFBG) was characterized using experimental and three-dimensional computational
fluid dynamics (CFD) models. Eulerian-Eulerian model (EEM) incorporating the kinetic
theory of granular flow was implemented in order to simulate the gas–solid flow. A full-
scale plexiglass cold flow experimental model was built to verify simulation results prior
to the fabrication of the gasifier. Six parameters were manipulated to achieve the opti-
mum design geometry: fluidization flow rate of the draft tube (Qdt), aeration flow rate of
the annulus (Qan), initial bed static height (Hbs), draft tube height (Hdt), draft tube diame-
ter (Ddt), and orifice diameter (Dor). The investigated parameters showed strong effect on
the particle flow characteristics in terms of the pressure difference (DP) and solid circu-
lation rate (Gs). The predicted results by simulation for the optimum case were in close
agreement with experimental measurements with about 5% deviation. The results show
that the ICFBG operated stably with the maximum Gs value of 86.6 kg/h at Qdt of
350 LPM, Qan of 150 LPM, Hbs of 280 mm, Hdt of 320 mm, Ddt of 100 mm, and Dor of
20 mm. [DOI: 10.1115/1.4041092]

Keywords: internally circulating fluidized bed, solid circulation rate, Eulerian-Eulerian
model, kinetic theory of granular flow

Introduction

Biomass with its neutral effect in greenhouse emissions is com-
monly cofired with coal in the medium- and large-scale power
plants and utilized in boilers in single-stage combustion to reduce
carbon footprint. However, research showed that biomass with
high chlorine content produces hydrogen chloride that causes ero-
sion for the boiler tubes when directly burned under high tempera-
ture in fixed bed rectors [1]. Fluidized bed combustors are widely
used in solid fuels utilization with long residence time and effi-
cient combustion [2]. Several other techniques have been recently
developed to enhance the combustion of lower heating value
fuels. Chemical looping combustion was initially developed to
enhance combustion efficiency but also used recently in CO2 cap-
ture technology [3,4]. Other technique such as the catalytic com-
bustion has been widely investigated [5,6]. One of the convenient
ways to get heat from biomass is through the direct combustion of
syngas after an updraft gasifier without the necessity of syngas
treatment and tar removal [7].

One of the main downsides in fixed bed gasifiers is the nonuni-
form heat and mass transfer between biomass and oxidizer that
makes a steady-state operation not attainable with constant fluctu-
ation in syngas quality. On the other hand, cyclone gasifiers oper-
ate at steady-state with stable syngas quality [8]. Bubbling
fluidized bed gasifiers overcome this issue by the excellent
solid–gas contact and mixing with continuous fuel feeding that
result in an improved and consistent quality of syngas [9,10]. Fur-
ther enhancement in mixing quality and heat transfer, hence, gasi-
fication efficiency and syngas quality was achieved by the
external circulation of the materials in circulating fluidized bed
gasifiers (CFBG) although at the expense of higher initial and
operation cost [11].

Internally circulating fluidized bed gasifier (ICFBG) is a modi-
fied type of CFBG but in a more compact and cost-effective form.
The fluidized bed is divided by a tube or baffle plates into two sep-
arate gasification and combustion where heat is transferred from
the combustion zone to the gasification zone by the circulation of
hot solid bed materials. Thus, the internal circulation of heat with
less exposed surface area provides lower heat losses and higher
efficiency. Another advantage of the ICFBG reactor is the higher
process residence time resulting in a higher syngas quality compa-
rable to CFBG but in more compact form and lower initial cost.

One of the earlier configurations of ICFBG known as the
clapboard-type comprises a rectangular cross section reactor with
single separator plate or baffle separates gasification and combus-
tion zones [12]. Different types of gasification agents were experi-
mentally tested such as steam [13] and steam/oxygen mixtures
[14], while air is used for the combustion. Another well-known
ICFBG configuration comprises coaxial cylindrical vessels
mounted vertically on top of each other with a central draft tube
where gasifier chamber is at the bottom and combustion chamber
is at the top [15,16]. Modified annulus geometry with simpler
design and less components compared to the previous type was
also experimentally investigated. The design comprises two con-
centric tubes with circular [17] or square cross section [18]. This
design reduces the required height of the reactor and fabrication
cost considerably.

The performance of ICFBG depends mainly on the heat transfer
quality between combustion and gasification zones. Therefore, the
vast majority of research in this area is dedicated to study the
hydrodynamic flow characteristics inside the reactor and the solid
circulation rate and the ways to improve it. The use of experimen-
tal cold-flow model is an important and low-cost tool to investi-
gate the circulation mechanism inside the reactor and the effect of
operating variables on circulation. However, only operating con-
ditions can be varied to characterize the flow with very limited
access to the geometry variables and their effect on the flow. On
the other hand, numerical modeling and computational fluid
dynamic (CFD) simulation have the advantage of unlimited access
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to all variables at a relatively lower cost. However, simulation
programs are limited with the computational demand and
capacity, and also the need for result verification and validation.

The hydrodynamic flow was studied using cold-flow experi-
mental models covering wide range of reactor geometries such as
square [18] and circular [19,20] annulus/draft tube and clapboard-
type with single [21] and double baffle plates [22]. As for the
CFD modeling, two major approaches are commonly used to pre-
dict the bed particles behavior during the fluidization and circula-
tion: the Eulerian-Eulerian model (EEM) and discrete element
method [23,24]. Majority of the CFD simulation studies focused
on the rectangular reactor geometry with baffle plates either with dis-
crete element method [24] or EEM [25] approaches. Other modeling
approaches were also investigated such as multiphase particle-in-cell
method [22], two-fluid finite volume with SIMPLEC algorithm [26],
and kinetic theory of granular mixture [27,28].

In this paper, CFD model was developed to characterize the
hydrodynamic cold flow inside ICFBG in order to determine the
optimum design geometry of the reactor. EEM and kinetic theory
of granular mixture simulation approaches were utilized to simu-
late the solid–gas flow and the effects of various operating param-
eters on the flow were assessed. Simulation results were verified
using cold flow experimental modeling.

Internally Circulating Fluidized Bed Gasifier Theory

This type of gasifier is also often referred to as the dual fluid-
ized bed gasifier since the gasification and combustion zones are
separated in two chambers. Therefore, syngas heating value from
the gasification chamber is increased by reducing the inert
diluents (N2þCO2) concentration since the combustion zone is
separated. The operation theory of the ICFBG is fundamentally
different from the conventional gasifiers since the heat required
for gasification is supplied indirectly. In general, the indirect heat
supply could be provided by external source like plasma, solar or
other sources, or through the internal recirculation of bed material
and char between two separate combustion and gasification zones.
Gasification occurs in the outer shell or annulus tube, while com-
bustion is in the central zone known as the draft tube. Biomass
material is fed to the annulus tube with a mild supply of gasifica-
tion air in a process known as aeration flow (Qan) which is

commonly not enough to create fluidization in the bed materials.
On the other hand, combustion air or fluidization flow (Qdt) is sup-
plied at the bottom of the draft tube. Solid materials are circulated
between the annulus and draft tubes mainly by the aid of Qan and
Qdt flows. Hot sand along with some of the char created in the
annulus (gasification zone) are pushed to the draft tube (combus-
tion zone) through circular holes (orifice) at the bottom of the
tube, while fluidization motion causes hot sand to overflow from
the top of draft tube back to the annulus. Other factors that can
also affect the solid circulation rate (Gs) are initial bed static
height (Hbs), draft tube height (Hdt), draft tube diameter (Ddt), and
orifice diameter (Dor). The mix between exhaust gas and syngas is
prevented by directing the exhaust though additional tube known
as the dipleg.

Computational Fluid Dynamics Simulation. A three-
dimensional geometry representing the internal circulation part of
the ICFBG reactor was created and meshed using GAMBIT software
version 2.4.6. Tet/Hybrid elements were used for meshing and the
results of mesh independence study showed that increasing the
mesh size by reducing mesh spacing in the range of 1–0.1 mm did
not yield any noticeable difference in the flow characteristics. The
final number of elements was set to 447,160. The two annulus and
draft tube beds were connected via eight orifices placed 80 mm
above the air distributor. Fluidization air was supplied through
velocity input plate at the bottom of the draft tube, while a conical
plate with an inclined angle of 60 deg was used for aeration supply
to the annulus.

The simulation was performed using FLUENT 6.3 CFD simula-
tion program. The main purpose of the simulation was to investi-
gate the effect of different operating and design parameters on the
hydrodynamic characteristics of the gas–solid flow. Main manipu-
lated variables were Qdt, Qan, Hbs, Hdt, Ddt, and Dor, while the
main respond variables were Gs, bed pressure, and pressure differ-
ence between annulus and draft tube. Pressure profile was also
investigated since pressure levels fluctuate periodically with time
as a result of the bubbling fluidization process. Second-order
upwind discretization was used for both momentum and volume
fraction solutions. The typical simulation domain, variables setup,
and gas–solid properties are shown in Table 1.

The CFD simulation was divided into six groups based on the
manipulated variables as shown in Table 2. In these groups, only
one parameter was varied while fixing the other parameters. How-
ever, for better understanding on the combined effect of geometry
and operating variables, the effect of Qan was also added to the
geometry effect simulation groups 3–6 while keeping Qdt at the
optimum value of 350 LPM.

Eulerian-Eulerian model with the kinetic theory of granular
flow is a common model to predict the fluidization motion of par-
ticles in fluidized bed reactors. A first-order upwind discretization
scheme was used for momentum and continuity equations were
solved for each phase, where the momentum equations are linked
equations while the quadratic upwind interpolation scheme was
used for the volume fraction equations. A time-step of 0.001 s was
used to advance the solution in time with a second-order implicit
time integration scheme.

The bed material circulation rate through the orifice was calcu-
lated by Eq. (1):

Table 1 Simulation setup and gas–solid properties

Parameters Value

Particle density (qp) 1520 (kg/m3)
Gas density (qg) 1.2 (kg/m3)
Gas viscosity (l) 1.79� 10�5 (Pa�s)
Time step used (Dt) 0.001(s)
Outlet condition (P) 101,325 (Pa)
Particle diameter (dp) 450 (lm)
Fluidizing flow rate (Qdt) 300, 350, 400, 450 (LPM)
Aeration flow rate (Qan) 50, 100, 150, 200, 250 (LPM)
Initial bed height (Hbs) 260, 280, 300, 320 (mm)
Draft tube height (Hdt) 260, 280, 300, 320 (mm)
Draft tube diameter (Ddt) 75, 100, 125, 150 (mm)
Orifice diameter (Dor) 10, 15, 20, 25 (mm)
Solid volume fraction 0.63

Table 2 CFD simulation groups based on manipulated variables

Group no. Qdt (LPM) Qan (LPM) Hbs (mm) Ddt (mm) Dor (mm) Hdt (mm)

1 300, 350, 400, 450 150 280 100 20 320
2 350 50, 100, 150, 200, 250 280 100 20 320
3 350 50, 100, 150, 200, 250 260, 280, 300, 320 100 20 320
4 350 50, 100, 150, 200, 250 280 75, 100, 125, 150 20 320
5 350 50, 100, 150, 200, 250 280 100 10, 15, 20, 25 320
6 350 50, 100, 150, 200, 250 87.5% of Hdt 100 20 260, 280, 350, 370
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Gs ¼ 1� efð ÞqsUs;avAo (1)

where ef, Us,av, qs, and Ao are the voidage in the orifice, the solid
density, the average solid velocity magnitude through the orifices,
and the orifice area, respectively. A new parameter that provides a
good prospect of the combined effect of fluidization and aeration
flows is the air flow ratio (RQ). RQ was calculated by Eq. (2) as the
ratio of the air aeration to the air fluidization flow rates

RQ ¼ Qan=Qdt (2)

Experimental Model Setup. An experimental full-scale Plexi-
glass model was developed based on the optimum geometry
obtained from the CFD simulation. The aim is to study the hydro-
dynamic flow of gas–solid flow through the visual inspection of
the flow behavior with the main focus on Gs and static pressure
measurements. The results were also used to validate the results
obtained from the CFD simulation. A schematic diagram of the
experimental model setup is illustrated in Fig. 1(a). The main cyl-
inders of the annulus, draft tube, and a dipleg were made of Plexi-
glass. The annulus has a 0.30 m inner diameter and 0.70 m height
with a central draft tube of 0.1 m inner diameter and 0.32 m
height. Eight orifices of 0.02 m diameter were drilled in the draft
tube wall 0.08 m above the distributor plate. The experimental
setup resembles the optimum reactor geometry in simulation
groups 1 and 2. The other parts included mild steel plate and coni-
cal air distributers with bubble caps shown in Fig. 1(b) for draft
tube and annulus, respectively, with mild steel air inlet ducts
being used in the experimental test of the ICFBG. Each bubble
cap contained four air injectors of 0.0025 m diameter.

A 1.5 kW ring-type air blower was used for the air supply with
two rotameters and valves to measure and control the fluidization
and aeration flow rates which were varied in the range of
300–450 LPM and 50–250 LPM, respectively, with 50 LPM inter-
vals. A metal screen was used to collect the bed particle that over-
flows from the draft tube section for Gs measurement which was

determined by collecting solids that overflows from the top of the
draft tube on the metal screen for a known interval of time and
weighing to obtain the bed material circulation rate. Two U-tube
manometers were used to measure the static pressure at the fluid-
ization and aeration air distributers. The bed was filled with Gel-
dart group B silica sand particles with a mean diameter of 450 lm
and a density of 1520 kg/m3. The draft tube was operated in
the bubbling fluidization regime with superficial velocity below
1 m/s, while the annulus was operated in fixed or moving bed
mode with superficial velocity below the minimum fluidization
velocity, thus, the circulation of bed material was caused by the
particles overflow from the draft tube section.

Hydrodynamic Gas-Solid Circulation Mechanism. Both
CFD simulation and experimental models were utilized to gain a
better understanding of the mechanism of hydrodynamic
gas–solid circulation between annulus and draft tube. Simulation
group 1 with Qdt of 350 LPM as the optimum case was considered
in this section to discuss the material circulation phenomena
between annulus and draft tube zones. The orifice effect has
resulted in a significant pressure drop inside the draft tube. The
average static pressure magnitude at 30 s of running was plotted in
Fig. 2(a) for the horizontal X–Z plane at the orifice holes. Pressure
drop inside the draft tube resulted in a considerable pressure dif-
ference between the annulus and draft tube zones. This is due to
the higher solid volume fraction in the annulus compared to the
draft tube which moved the solid from the annulus to the draft
tube. On the other hand, bed pressure started to elevate inside the
draft tube along the Y-axis toward the top of the tube exceeding
the bed pressure inside the annulus zone as illustrated in Fig. 2(b).
This has caused the bed material to overflow back to the annulus
zone completing the flow circulating process.

Another important factor that affected material circulation was
the bubbling effect. Figure 2(c) plots the average value of the bed
pressure against time in the annulus and the draft tube zones along
the X–Z plate at the orifice. The periodic vigorous bubbling of the
bed materials inside the draft tube leads to fluctuations in the bed

Fig. 1 (a) Configuration of the reactor geometry of the model and experimental setup and (b) annulus and draft tube air
distributers
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pressure. Through the entire test period, the pressure in the annu-
lus was higher than that in the draft tube, thus, providing the driv-
ing force for solid flow from the annulus to draft tube through
orifice holes. After an initial period of about 4 s, the flow hydrody-
namics in the bed stabilized, resulting in a fixed pressure fluctua-
tion pattern with time. This pressure fluctuation is essential to
overcome the static friction between bed particles providing con-
tinuous gas–solid circulation.

For better understanding of the bed material circulation phe-
nomena, the optimum fluidization flow of 350 LPM was compared
with the other flow rates. Instantaneous spatial distributions con-
tours of the bed material based on solid volume fraction are shown
in Fig. 3. Four fluidization rates in the range of 300–450 LPM rep-
resenting simulation group 1 shown earlier in Table 2 were com-
pared. Initially, the bed material filled both the annulus and the
draft tube regions at the same initial level 280 mm above the dis-
tributor plate. Aeration flow into the annulus was maintained con-
stant at 150 LPM. The changes in volume fraction of the bed
material are significant inside the draft tube unlike the annulus
zone. This indicated a vigorous fluidization regime inside the draft
tube with a bed height expansion due to the high fluidization air
flow. On the other hand, the aeration flow was below the mini-
mum flow required for bed material fluidization.

As the draft tube was fluidized at Qdt higher than Qan, the fluid-
ization regime in the draft tube changed from fixed bed regime to
bubbling regime as represented by the presence of voids (i.e.,
extreme low solid concentration). At 300 LPM Qdt, no voids were
observed in the annulus as the low aeration flow caused no bub-
bling in the annulus which is commonly known as the fixed bed
regime. The fluidization in the draft tube was not sufficient to mix
and expand the bed material above the top of the draft tube.
Therefore, bed material overflow from the draft tube into the
annulus was low resulting in low circulation.

Increasing the fluidization flow to the draft tube up to 350 LPM
resulted in a vigorous fluidization regime. Bubbles continue to
grow and rise through the draft tube due to its buoyancy causing
the bed particles to undergo in vigorous motion. This condition

favored strong bed particle mixing and expanded beyond the top
of the draft tube. The increase in bed material overflow from the
top of the draft tube resulted in a decrease in solid volume fraction
and also decrease in the bed pressure in the draft tube zone.

Fig. 2 Bed pressure for simulation group 1 at Qdt: 350 LPM Along: (a) radial axis (X–Z axis)
through the orifice center, (b) draft tube height (Y-axis), and (c) orifice center (X–Z axis)

Fig. 3 Solid volume fraction contours at Qdt: 300-450 LPM
(simulation group 1)
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Consequently, pressure difference around the orifices increased
resulting in more circulation.

By further increasing the fluidization flow rate into the draft
tube above 350 LPM, the bed regime became highly turbulent and
even behaved as spouted bed. This has caused a disturbance in the
annulus zone as well and bubbles/voids started to form in the
annulus. This is due to the high gas flow at the draft tube causing
some gas to bypass from the draft tube into the annulus, and the
annulus is no longer in the so-called aerated bed regime. For the
ICFBG, bubbling fluidization in the annulus is undesirable as it
dilutes the syngas with nitrogen causing a drop in its heating
value. The bed pressures in the draft tube and the annulus are
closely related to solid volume fractions. The pressure difference
(DP) between the two zones provides a driving force for the solid
and gas to flow from the annulus to the draft tube through the
orifice.

Effect of Air Flow Rate on Circulation. In order to maintain
the heat transfer between the gasification and combustion zones,
bed material circulation rate must be maintained at a suitable rate.
Aside from the geometry design parameters, air flow rate is the
main operating variable that governs the pressure difference and
circulation rate between the annulus and draft tube chambers.

Static bed pressures in the annulus and draft tube at the orifice
level for simulation group 1 are shown in Fig. 4(a). The solid vol-
ume fractions in the bed correspond to the bed pressure. There-
fore, increasing Qdt resulted in a vigorous fluidization inside the
draft tube creating low bulk density voids with considerable pres-
sure drop caused by the sudden expansion of the voids. Conse-
quently, the bed pressure in the draft tube was lower than that in
the annulus and DP increased through the whole Qdt range from
300 LPM up to 450 LPM. Although DP at the orifice increased
almost linearly with the elevation of Qdt, Gs has shown a different
pattern when changing the air flow supply. The effect of Qan and
Qdt on Gs is shown in Fig. 4(b). Maximum circulation rate of
86.6 kg/h was achieved at Qdt and Qan of 350 and 150 LPM,
respectively. In general, higher circulation can be achieved by
increasing fluidization and aeration flow rates up to the optimum
value where Gs starts to drop at higher air flow rate. Qdt of
350 LPM presented the optimum fluidization flow where higher
values caused gas bypass from the draft tube to the annulus result-
ing in a disturbance in material circulation as shown earlier in

Fig. 3. On the other hand, Qan of 150 LPM presented the optimum
aeration flow where higher values caused a fluidization in the annu-
lus disturbing material circulation flow through the orifice holes.

RQ can be considered as a good indicator that combines the
effect of Qan and Qdt on circulation. However, RQ values are not
conclusive and both Qan and Qdt have to be within the acceptable
air flow range to achieve acceptable prediction of the circulation
quality. For example, RQ of 0.55 resulted in the lowest Gs of
20.6 kg/h at Qan and Qdt of 250 and 450 LPM, respectively. On the
other hand, high Gs value of 80 kg/h was achieved at Qan and Qdt

of 150 and 300 LPM, respectively, with RQ of 0.5. In general,
high circulation rates above 70 kg/h were achieved in the RQ range
of 0.28–0.57.

Effect of the Static Bed Height

The initial level of bed material height (Hbs) although is a
geometry parameter, it is not permanent and can be varied even
after the fabrication of the final design of the reactor. However, it
is not as flexible as the operating variables and requires a disas-
sembly of the ICFBG to change the bed0- height. Four Hbs values
of 260, 280, 300, and 320 mm corresponding to 81.25%, 87.5%,
93.75%, and 100% of the draft tube height of 320 mm were con-
sidered as shown in Fig. 5(a). The results showed that an optimum
bed height value can be identified although the circulation was
heavily influenced by the air flow rates. Filling the bed materials
to the top of the draft tube (i.e., Hbs¼Hdt) resulted in the lowest
Gs since the bed height at annulus was at the same plane level
with no barrier to prevent back flow from the annulus to the draft
tube. Maximum circulation was achieved when Hbs was 87.5% of
Hdt reaching the dipleg bottom as shown in Fig. 5(b). Acceptable
circulation rates were also achieved with further drop in the height
down to 81.25% of Hdt, although the bed material level was below
the dipleg bottom allowing gas bypass to the annulus which is not
desirable.

Effect of the Orifice Diameter. The solid circulation mecha-
nism depends mainly on the pressure difference between the two
chambers. And since the bed pressure at the base of the draft tube
is lower than that at the base of the annulus, some of the inlet air
to the annulus tends to bypass to the draft tube side along with the
solid. However, if the opening between the two chambers is large,
reverse air bypassing from the draft tube to annulus is also possi-
ble. Therefore, orifice diameter plays a crucial role in controlling
the circulation mechanism. The number of holes was limited to 8,
thus, orifice diameter governs the solid flow just like in a flow

Fig. 4 Effect of (a) Qdt on bed pressure and pressure differ-
ence (simulation group 1) and (b) Qan and Qdt on Gs (simulation
groups 1 and 2)

Fig. 5 (a) Contour of solid fraction initial condition on X–Y
planes and (b) effect of Hbs on Gs (simulation group 3)
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control valve. Varying Dor from 10 to 20 mm showed a significant
elevation in Gs of more than twelve-fold increase as shown in
Fig. 6(a). For small diameters, solid is clustered at the annulus
near the orifices slowing the circulation process and opposing the
air by pass to the draft tube. Increasing orifice diameter makes the
solid clustering less severe and allowing for higher velocity
through the orifice that enhances the orifice effect and increases
pressure drop after the orifice. However, large diameters above
20 mm resulted in considerable flow disturbance with waves of
back flow caused by the fluidization phenomenon inside the draft
tube resulting in a significant drop in Gs. The graph also shows
that the minimum Dor resulted in extreme reduction in circulation
down to 9 kg/h for all RQ ratios.

Effect of the Inner Diameter of the Draft Tube. With a fixed
reactor diameter, draft tube diameter showed a considerable effect
on circulation as shown in Fig. 6(b). By increasing or decreasing
Ddt, the cross-sectional area of both the annulus and the draft tube
also increases or decreases accordingly. Thus, larger Ddt resulted
in larger quantity of solids into the draft tube, which require
higher gas flow rate that increases the bed density in the annulus.
Consequently, vigorous collisions occurred among the particles in
the draft tube resulting in a drop in the gas flow to the annulus, while
the gas flow to the draft tube increased. Optimum Gs occurred at Ddt

of 125 mm that presented the optimum balance in cross section area
and solid bed amount between annulus and draft tube.

Effect of the Draft Tube Height. The effect of the draft tube
height on circulation is directly influenced by the static bed height
as discussed earlier. And since the difference between two heights
will increase by increasing tube height, bed height effect was neu-
tralized by always changing it to the optimum value of 78.5% of
Hdt. Extreme draft tube height of 370 mm has shown no circula-
tion at all. By examining the pressure profile plot, it was found
that the high back pressure inside the draft tube caused by the
extra sand bed height has severely affected the pressure drop at
the orifice. There was no crossover between the annulus and draft
tube pressure lines as shown in Fig. 7(a). This means that the pres-
sure inside the tube was higher than that in the annulus for all tube
height and solid circulation was not possible. The effect of vary-
ing Hdt in the range of 260–350 mm on Gs is shown in Fig. 7(b).
Reducing the tube height has improved the circulation

significantly, and at the height range of 280–320 mm, the circula-
tion characteristics and pressure profile were almost similar to the
optimum profile. Further reduction in the tube height down to
260 mm while maintaining the optimum fluidization flow of
350 LPM resulted in vigorous and disturbed fluidization inside the
tube due to the lower bed weight. Moreover, air bypass from the
draft tube to the annulus caused fluidization in the annulus even at
low aeration flow causing significant reduction in circulation rate.

Validation of Computer Simulation Using Experimental

Simulation

In this work, the modeling was verified and validated using an
experimental model in terms of bed material circulation. During
the experiment, it was observed that the bed material circulation
was not able to initiate below Qan of 50 LPM. By increasing both
Qan and Qdt, it was found that bed material circulation shown in
Fig. 8(a) has followed similar trend to that established in the CFD
simulation shown earlier in Fig. 4(b).

No bubbles occurred in the annulus zone until the fluidization
to the draft tube reached 400 LPM and increased considerably at
450 LPM as confirmed earlier in Fig. 3. Circulation of bed materi-
als improved significantly once Qan and Qdt were increased up to
the optimum values of 150 and 350 LPM, respectively, followed
by a drop and disturbance in the circulation at higher flow rates.

The Gs results for the optimum operating conditions obtained
from CFD simulation were compared to the experimental model
as shown in Fig. 8(b). Maximum circulation rate for the optimum
operation with Qdt and Qan of 350 and 150 LPM, respectively, was
in a good agreement with the experimental result with error mar-
gin below 5%. Higher error up to 10% was noticed at the extreme
operating conditions and vigorous fluidization where the laminar
flow setup might not be sufficient. In general, the CFD simulation
tended to overpredict the circulation rate. This can be due to the
ideal setup where the sand particle diameter and density were set
as constants with a uniform bed distribution, whereas in the

Fig. 6 Effect of (a) Dor on Gs (simulation group 5) and (b) Ddt

on Gs (simulation group 4)
Fig. 7 (a) Bed pressure profile at Hdt of 370 mm and (b) effect
of Hdt on Gs (simulation group 6)
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experiment the particles diameter ranged from 425 to 600 lm.
This can affect the actual friction and flow behavior of the bed
especially at the extreme conditions.

Conclusions

The hydrodynamic gas–solid flow in the ICFBG reactor was
investigated using the Eulerian- Eulerian model with kinetic
theory of granular flow. Two operating parameters, Qdt and Qan,
governing the air flow to the reactor and four geometry parame-
ters, Hbs, Hdt, Ddt, and Dor, were varied and evaluated to obtain
optimum reactor geometry and operating conditions. It was found
that solid circulation mechanism depended mostly on DP between
the annulus and the draft tube at the orifice level. The pressure
drop inside the draft tube was created mainly by the orifice effect
and also the low pressure void pockets caused by fluidization
inside the tube. Fluidization and aeration flow rates showed signif-
icant effect on pressure difference and circulation rate between
the chambers, and the optimum Qdt and Qan values were 350 and
150 LPM, respectively. As for the geometry parameters, Dor pre-
sented the most crucial variable with an optimum value of 20 mm,
where a slight deviation from the optimum value affected the
pressure drop inside draft tube significantly. The second geometry
variable was Hdt where the tube height of 320 mm presented the
optimum value while higher value of 370 mm resulted in no circu-
lation at all. Other geometry variables with less effect on circula-
tion were Hbs and Ddt with optimum values of 280 and 100 mm,
respectively. The CFD simulation was validated and the solid cir-
culation mechanism was visually observed and studied using full-
scale plexiglass cold flow experimental model. The maximum Gs

value of 86.6 kg/h obtained from simulation for the optimum
geometry and operating conditions was in a good agreement with
the experimental model with less than 5% deviation.
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Nomenclature

Ao ¼ orifice area (m2)
ess ¼ coefficient of restitution
dp ¼ particle diameter (lm)

Ddt ¼ draft tube diameter (mm)
Dor ¼ draft tube orifice (mm)
Gs ¼ solid circulation rate (kg/h)

Hdt ¼ draft tube height (mm)
Hbs ¼ bed static height (mm)
Qan ¼ aeration flow rate (LPM)
Qdt ¼ fluidization flow rate (LPM)
RQ ¼ fluidization rate
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